3-Methoxybenzamide (3-MBA), which is known to be an inhibitor of ADP-ribosyltransferase, inhibits cell division in Bacillus subtilis, leading to filamentation and eventually lysis of cells. Our genetic analysis of 3-MBA-resistant mutants indicated that the primary target of the drug is the cell division system involving FtsZ function during both vegetative growth and sporulation.
ADP-ribosylation is one of the mechanisms of posttranslational regulation of proteins by which the ADP-ribose moiety of NAD ϩ is covalently bound to target proteins by ADP-ribosyltransferase (ADPRT) (13, 26) . The well-known ADPRTs are bacterial toxins that catalyze the ADP-ribosylation of GTP-binding proteins within mammalian cells (23) . Recently, it has been reported that endogenous ADP-ribosylation plays an important role in cell differentiation in Streptomyces species (19, 20, 22) . Furthermore, Huh et al. (8) have reported that the profile of ADP-ribosylated proteins changes markedly during sporulation in Bacillus subtilis. These workers have also isolated mutants that can grow in the presence of the benzamide derivative 3-methoxybenzamide (3-MBA), which is the most commonly used inhibitor of ADPRTs (25, 26) . In the present study, we demonstrated that the lethal effect of 3-MBA can be suppressed by a mutation in the ftsZ gene of B. subtilis. The physiological effects of 3-MBA on cell growth and sporulation were also examined by using wild-type and ftsZ mutant strains.
3-MBA inhibits cell division, leading to filamentation and lysis. UOT1285 (trpC2 lys-1 nprR2 nprE18 aprE⌬3), which has been used as the wild-type strain in our laboratory, could not grow on Luria-Bertani (LB) plates containing more than 5 mM 3-MBA (Table 1) . We monitored the effects of the drug on the kinetics of growth and cell morphology in LB liquid medium containing 10 mM 3-MBA. As shown in Fig. 1A , the optical density at 660 nm (OD 660 ) of a culture of UOT1285 increased more than 10-fold during the initial 2 h of growth at 37°C and then rapidly decreased, regardless of the cell density at inoculation (data not shown). The number of viable cells (CFU) in the culture is also shown in Fig. 1A . Whereas the OD 660 increased until 2 h after inoculation into LB medium containing 10 mM 3-MBA, the number of viable cells increased until 1 h after inoculation and then rapidly decreased, indicating that colony-forming ability was lost 1 h before cell lysis occurred. These results suggest that cell growth in the presence of 3-MBA resulted in a filamentous morphology. This was ascertained by microscopic observation (Fig. 1B and C) . These results indicate that 3-MBA had an ability to inhibit cell division, resulting in filamentation of cells during vegetative growth.
ftsZ mutation elicits cell growth in the presence of 3-MBA. The brgA1 mutation was introduced by transformation into UOT1285 by using chromosomal DNA extracted from strain 168-1, which has been reported by Huh et al. to be resistant to 3-MBA (8) . We found that the resulting transformant, RIK7 (trpC2 lys-1 nprR2 nprE18 aprE⌬3 brgA1), cannot grow on LB plates without 3-MBA but can grow in the presence of 3-MBA at a concentration of 20 mM or more ( Table 1 ), indicating that brgA1 was a 3-MBA-dependent mutation. In LB liquid medium containing 3-MBA at a concentration of 10 mM or less, the OD 660 of the RIK7 culture began to decrease 2 h after inoculation and the cells showed a filamentous morphology (data not shown). To facilitate further studies of this mutant, we isolated several spontaneous suppressor mutants (spb; suppressor of brgA1) which can grow on LB medium with or without 3-MBA. RIK7 cells grown on LB plates containing 35 mM 3-MBA at 30°C overnight were inoculated into LB medium at an OD 660 of 0.1, incubated overnight at 37°C with shaking, and then spread onto LB plates. After incubation at 37°C overnight, 10 colonies appeared, all of which could grow on LB plates containing 35 mM 3-MBA; these were further analyzed. One of these suppressor mutations (designated spb-1) was found to be cotransformed with the brgA1 marker at a frequency of 94%, suggesting that spb-1 is an intracistronic suppressor mutation. During our genetic analysis, we found 
a Strains were grown on LB plates at 37°C.
that 2% of 3-MBA-resistant transformants formed smaller colonies than the brgA1 mutant on LB plates containing 35 mM 3-MBA, suggesting that these transformants carry an spb-1 mutation alone. We have cloned the drug resistance determinant on the chromosome of the suppressed mutant, RIK9 (trpC2 lys-1 nprR2 nprE18 aprE⌬3 brgA1 spb-1), as described in the legend to Fig. 2 . Two mutations were detected within the coding region of the ftsZ gene which would result in amino acid substitutions of Pro for Ala at position 47 (A47P) and of Phe for Val at position 173 (V173F). To determine which mutation was brgA1 or spb-1, we constructed strains carrying each mutation by transformation with PCR products (Fig. 2) . The strain having the V173F mutation (ftsZ7) did not grow on LB plates but grew in the presence of 20 mM 3-MBA (Table 1) . On the other hand, the strain having both mutations (ftsZ7 and ftsZ8) grew and showed normal morphology (data not shown) regardless of the presence or absence of the drug. The mutations brgA1 and spb-1 were therefore renamed ftsZ7 and ftsZ8, respectively (Fig. 2) . As expected from the result obtained above, cells carrying ftsZ8 (spb-1) alone exhibited a 3-MBAresistant phenotype (Table 1 ) and formed shorter filaments than UOT1285 in liquid medium with 10 mM 3-MBA (data not shown). ftsZ is an essential gene for cell division or cytokinesis in Escherichia coli and B. subtilis, and it is believed that the FtsZ protein forms a ring structure (the Z ring) at the cell division site (1, 3, 6, 11, 14) . Moreover, FtsZ shows tubulin-like FIG. 2 . ftsZ mutation sites of 3-MBA-resistant strains. To define the mutation sites, a 13-kb BamHI fragment of the RIK9 (ftsZ7 ftsZ8) chromosome was cloned into a EMBL vector (Stratagene). The fragment containing the mutations was judged by its brgA1 transformation activity. In all transformation experiments, the 3-MBA-resistant transformants were selected on LB plates containing 35 mM 3-MBA. A 6-kb BamHI-BglII fragment within the 13-kb fragment showed transformation activity and significant linkage with the spoIIG gene. The 6-kb region was assigned to the divIB-bpr region by reference to the complete sequence of B. subtilis (10) . The mutation sites were assigned to the ftsZ gene as judged by the transformation activity of fragments which were prepared by digestion with various restriction enzymes and then sequenced. To characterize the two mutations, three DNA fragments, A, B, and C, were prepared by PCR with primers MBA-2 (5Ј-CGGCGCA AAGCTGACTAGAGG-3Ј) and MBA-4 (5Ј-GCTTCGTCACGTCCTTCTCTTG-3Ј), primers MBA-1 (5Ј-CGTACAACAGCTGAAACTGC-3Ј) and MBA-3 (5Ј-CA AGGATACGGTCGTTCGGG-3Ј), and primers MBA-1 and MBA-4, respectively. Three strains, RIK7, RIK8, and RIK9, were constructed by transformation of the parental strain UOT1285 with fragments A, B, and C, respectively. Since RIK8 formed smaller colonies than RIK9 cells regardless of the 3-MBA concentration, strain RIK9 was judged by the colony morphology of transformants. Hatched rectangles indicate the positions corresponding to conserved amino acid residues among bacterial FtsZ proteins which participate in GTPase activity (27) . properties, including a GTPase activity and an ability to polymerize in vitro (5, 16, 21, 28) . Since one of two mutation sites, A47P (ftsZ8), is located next to an Asp residue that has been shown to participate in GTPase activity in E. coli (27) and is believed to be within the active center of FtsZ in Methanococcus jannaschii (12) , it would affect the structure of active site allowing the cell to tolerate 3-MBA. Polymerization and ring formation of FtsZ are regulated in a GTP-dependent manner (4, 7, 17, 18) . It is therefore possible that 3-MBA changes directly or indirectly the ability of FtsZ to bind or hydrolyze the guanine nucleotide, ultimately leading to the inhibition of Zring formation.
Sporulation of 3-MBA-resistant mutants. Septation during sporulation differs from septation during vegetative growth in occurring at an asymmetric position in the cell. ftsZ plays an essential role during both cell division events (2) . Sporulation of three ftsZ mutants, RIK7 (ftsZ7), RIK8 (ftsZ8), and RIK9 (ftsZ7 ftsZ8), was examined, and the results are shown in Table  2 . RIK8 as well as RIK9 sporulated, producing 10 7 spores per ml, in the absence of the drug. On the other hand, both RIK8 and the 3-MBA-dependent mutant, RIK7, were extremely unstable genetically through the sporulation-germination process in the presence of the drug (see footnote c of Table 2 ). However, 3-MBA did not affect sporulation of double mutant RIK9. These results indicated that the ftsZ7 and ftsZ8 muta -FIG. 3 . Effect of 3-MBA on sporulation of wild-type and ftsZ mutant strains. Cells were grown in 2ϫ SG medium containing 0.1% glucose at 37°C, and 10 mM 3-MBA (solid powder) was added to the medium at the indicated times after the end of vegetative growth (T 0 ). The number of heat-resistant spores is shown as CFU per milliliter on LB plates. Open and closed symbols represent UOT1285 (ftsZ ϩ ) and RIK9 (ftsZ7 ftsZ8), respectively.
FIG. 4.
Effect of 3-MBA on spoIID-lacZ expression. UOT1285 carrying plasmid pKZIID-1 (29) was grown in 2ϫ SG medium containing 0.1% glucose and 5 g of kanamycin per ml at 37°C. At the times indicated by the arrows, 3-MBA was added to the medium as described in the legend to Fig. 3. (A) Growth measured by the OD 660 . (B) Expression of spoIID-lacZ-directed ␤-galactosidase activity. Since most of cells eventually lysed (decreasing the OD 660 values) when 3-MBA was added before T 2 , few developing cells were present after cell lysis occurred. Hence, 1 U of the ␤-galactosidase activity in the medium was expressed as the A 420 per milliliter per minute ϫ 1,000 (A 420 is absorbance at 420 nm). Aliquots of 0.2 ml were withdrawn from the medium at the various times, mixed with 0.3 ml of 5/3ϫ Z buffer, and treated with a few drops of toluene. Subsequent steps for assay of the ␤-galactosidase activity were carried out as described previously (15) . Closed circles in both panels indicate the controls (for which no drug was added). a Cells were incubated at 37°C in 2ϫ SG medium containing 0.1% glucose with the indicated concentrations of 3-MBA until 24 h after the end of logarithmic growth.
b Number of CFU per milliliter after heating at 80°C for 10 min. c Colony morphology generated from the heat-resistant spores was clearly distinguishable from those from the original ftsZ mutants (RIK7 or RIK8), indicating that the spores formed from these ftsZ mutants in the presence of 3-MBA should have had an additional mutation which could suppress sporulation deficiency.
tions cooperatively suppressed the pressure of 3-MBA during the sporulation-germination process.
3-MBA inhibits asymmetric septation. To determine whether 3-MBA affects asymmetric septation for sporulation, we examined the effects of 3-MBA during sporulation. UOT1285 cells were grown in 2ϫ SG medium, and 3-MBA was added at a final concentration of 10 mM at the times indicated in Fig. 3 . Sporulation was drastically inhibited by 3-MBA when added before 3 h after the end of vegetative growth (T 3 ) but was slightly affected when added after T 3 . In the case of the RIK9 strain, sporulation was unaffected regardless of the time of drug addition. These results clearly indicate that 3-MBA affects sporulation events that precede T 3 .
We next examined the effect of 3-MBA on spoIID expression by using a spoIID-lacZ fusion in UOT1285 (Fig. 4) . Transcription of the spoIID gene has been shown to depend on E , which is processed and activated after completion of asymmetric septation (9, 24) . In fact, spoIID expression is not induced in a strain in which expression of ftsZ is repressed (2) . As Fig.  4 shows, the expression of spoIID was clearly inhibited by addition of 3-MBA until T 2 , indicating that E is not activated. These results indicate that 3-MBA affects asymmetric septation and are consistent with the previous work of Beall and Lutkenhaus (2) showing that spoIID expression depends on ftsZ expression. On the other hand, addition of the drug after T 4 delayed spoIID expression. This result, in combination with the observation that sporulation of strain UOT1285 was affected partially by the addition of 3-MBA after T 3 (see above and Fig. 3 ), indicates that 3-MBA also inhibits stages later than asymmetric septation.
In summary, the present study indicates that 3-MBA affects septation via the FtsZ system during both vegetative growth and sporulation. Since 3-MBA is known to be an inhibitor of ADPRT, it is possible that ADP-ribosylation of FtsZ protein occurs, as is the case for GTP-binding proteins within mammalian cells (23) . It is, however, not clear whether 3-MBA inhibits the FtsZ function directly or indirectly, since we do not have at present direct evidence for ADP-ribosylation of FtsZ.
